ABSTRACT Loss of cell polarity is a prominent feature of epithelial cancers. Several tumour-suppressor genes are indeed involved in establishing and maintaining a correct apical-basal polarity suggesting that a link exists between disruption of epithelial polarity and the control of cell proliferation. Nevertheless, the molecular basis of this link is only beginning to be unveiled. In Drosophila, the tumour suppressor gene lethal giant larvae (lgl) is widely used as a genetic tool in cancer modelling: its loss of function causes neoplastic growth of the imaginal tissues, larval epithelial organs from which adult structures originate. These mutant epithelia are characterised by loss of cell polarity and tissue architecture as well as hyperproliferation. We observed that in a clonal context, the ability of lgl mutant cells to express their neoplastic potential correlates with the levels of the oncoprotein Myc, a master regulator of cell growth and proliferation. Malignant, polarity-deficient mutant cells upregulate Myc and are able to overcome the tumour-suppressive defences imposed by the surrounding wild-type tissue. How does the loss of lgl function induce an increase in Myc levels? The answer to this question came from the finding that Lgl is an upstream regulator of the Hippo pathway, a highly conserved signalling network that controls proliferation of epithelial cells and organ size. The core of this pathway responds to several upstream regulators and converges on the inhibition of a transcriptional co-factor, Yorkie, which, as we and others have shown, is a direct regulator of the myc promoter. In this review we discuss the key findings that contributed to the identification of this regulatory network that links cell polarity to cell proliferation control.
Introduction
The knowledge of the genetic basis of cancer is the groundwork on which researchers can build and verify their experimental hypotheses, hopefully leading to effective medical treatments. Cellular and animal models have deeply contributed to the acquisition of this knowledge, and the fruitfly Drosophila melanogaster has been recently used to investigate the genetic mechanisms underlying the behaviour of cancer cells growing in heterotypic backgrounds. Differently from what happens to mutant cells bearing a genetic arrangement identical to their neighbours, which behave in a stereotypical manner, the same cells growing in heterotypic contexts can indeed show diametrically opposite behaviours, from being eliminated from the tissue to growing faster and faster, overwhelming the adjacent populations. Such kind of genetic analysis, which is to date the most accurate way to model human tumourigenesis, accounts on the possibility in Drosophila tissues to generate single mutant cells which, while proliferating, are influenced by different chemical and physical stimuli depending on the surrounding microenvironment. To this purpose, mutations in tumour suppressor genes have been extensively used to induce cancer in different genetic contexts, and here we summarise recent advances in the field obtained from the study of lgl function in tumour biology.
lgl and cancer lethal (2) giant larvae was the first tumour suppressor described in literature (Gateff, 1978) . It is classified as neoplastic tumour suppressor gene (nTSG) as its loss of function (LOF) causes malignant growth of Drosophila ectodermal derivatives: imaginal discs (larval epithelial structures which originate adult organs during metamorphosis) and the neuroblasts of the larval brain. As a result of lgl mutation, these organs undergo loss of apical-basal (A/B) cell polarity and excessive proliferation, leading to severe alterations in tissue organisation. Mutant cells are unable to exit cell cycle and never differentiate, forming amorphous masses that lead to an extended larval period and pre-pupal lethality (Bilder, 2004) . These tumourous masses are invasive, as they produce basement membrane-degrading enzymes, fuse with adjacent organs and become highly metastatic upon transplantation in adult naive hosts (Woodhouse et al., 1998; Beaucher et al., 2007a , Beaucher et al., 2007b .
Given the strong similarities between lgl -tissues and human epithelial cancers, and the high degree of functional conservation (see below), lgl mutants have been extensively used as genetic tools for the investigation of the molecular basis of epithelial transformation (Froldi et al., 2008) . The human genome encodes two Drosophila Lgl protein orthologues: Lgl-1 and Lgl-2 (also known as Hugl-1 and Hugl-2); several lines of evidence showing decreased expression or loss of Lgl-1/2 in primary human tumours seem to indicate that they play a role in mammalian tumourigenesis. Indeed we and others showed that Lgl-1 transcript results decreased or completely absent in a variety of human epithelial malignancies such as breast, lung, prostate, ovarian cancers and melanoma (Grifoni et al., 2004; Kuphal et al., 2006) . Lgl-1 loss has also been implicated in colorectal cancer progression, where it was found to be associated with advanced stages and lymph node metastases (Schimanski et al., 2005) ; it is also correlated to reduced survival in glioblastoma (Korshunov et al., 2006) , where its inactivation has been recently shown to be responsible for the maintenance of a population of undifferentiated cells named tumour initiating cells (Gont et al., 2013) . Finally, the occurrence of aberrant splicing variants has been associated with hepatocellular carcinoma progression (Lu et al., 2009) . This evidence strongly indicates that lgl human orthologues also function as tumour suppressor genes.
lgl and cell polarity
The plasma membrane of epithelial cells is subdivided into two functionally distinct domains, apical and baso-lateral domains, by means of epithelial cell junctions and protein complexes. The lateral domain interconnects neighbouring cells, while the apical domain forms a specialised surface usually not in permanent contact with other cells. This distinct polarisation along the apical-basal axis is essential for adhesion, communication, vectorial transport, permeability and morphogenetic properties of epithelia (Dow and Humbert, 2007) and its alteration is a hallmark of epithelial cancers (Wodartz and Näthke, 2007) . Loss of A/B cell polarity is a prominent feature of lgl LOF phenotype (see above) and indeed, extensive genetic analysis in Drosophila has led to the notion that Lgl functions in a 'baso-lateral' protein complex, together with the products of two other nTSG with very similar LOF phenotypes, Scribble (Scrib) and Discs large (Dlg). This complex works in establishing and maintaining cell polarity by antagonising the activity of two other protein complexes: the Crumbs/Stardust/PATJ (apical) and the Bazooka/Par6/aPKC (sub-apical) complexes.
The Crumbs/Stardust/PATJ complex
This complex establishes the apical identity of polarised cells and is required for adherens junctions (AJs) formation both in Drosophila and mammalian epithelial cells. It consists of three main components: a transmembrane protein, Crumbs (Crb), and two adaptor proteins, Stardust (Sdt) and PATJ. Drosophila Crb is characterised by a large extracellular portion with thirty epithelial growth factor (EGF)-like and four laminin A G-domain-like repeats, and a small conserved cytoplasmic region. In mammals three homologous genes have been identified (CRB 1-3) ; they show tissue specific expression patterns (CRB3 is the most widely expressed in epithelial tissues), and high levels of sequence identity with Drosophila Crumbs are observed in the cytoplasmic domain. std encodes a MAGUK (Membrane-Associated with GUanylate Kinase domain) protein with a PDZ (PSD-95/Dlg/ZO-1), a SH3 (Src Homology region 3) and a GUK (GUanylate Kinase-like) domain which binds Crb intracellular domain. Similarly, CRB3 complexes with the PDZ domain of Std mammalian homologue Pals1 (Protein associated with lin seven 1). The third component is encoded by dpatj gene in Drosophila and two mammalian homologues, PATJ (Pals-Associated Tight Junction Protein) and MUPP1 (MUlti-PDZ domain Protein 1), are also known to interact with Crb intracellular portion (Dow and Humbert, 2007; Tervonen et al., 2011) .
The Bazooka/Par6/aPKC complex
In Drosophila, below the Crumbs/Stardust/PATJ Complex, at the sub-apical region lies a complex composed of two scaffold proteins, Bazooka (Baz) and Par6, both containing PDZ domains as well as other protein-protein interaction motifs, and an atypical Protein Kinase C, aPKC. Genetic analysis has revealed that they are mutually dependent for proper localisation and zonula adherens (ZA) formation. In mammals one Baz homologue (Par3), three Par6 homologues (Par6a, b and g) and two aPKC homologues (aPKCl/i and aPKCz) have been found with differential expression patterns but mostly redundant functions. In mammalian cells this complex localises at tight junctions and is required for AJs formation as it is in Drosophila (Dow and Humbert, 2007; Tervonen et al., 2011) .
The Scribble/Discs large/Lethal giant larvae complex
In Drosophila, scrib, dlg and lgl nTSGs show very similar LOF phenotypes as well as a strong genetic interaction. Indeed, genetic analysis demonstrated that they act in a common pathway linking cell polarity and cell proliferation control in epithelial cells (Bilder and Perrimon, 2000) . They all encode scaffolds rich in protein-protein interaction domains. Scribble belongs to the LAP (Leucine-rich repeats And PDZ domain) family and has four PDZ domains at the C-terminus and sixteen LRR (Leucine-Rich Repeats) at the N-terminus; it is encoded by a single gene both in Drosophila and vertebrates. Dlg is a MAGUK protein and contains three PDZ, an SH3 and a GUK domain. Several mammalian orthologues of Drosophila dlg have been identified so far. lethal giant larvae encodes a protein, Lgl, rich in WD40 repeats, predicted to fold into two b-propeller domains at the N-terminus. Lgl mammalian orthologues, Lgl-1 and Lgl-2, also contain WD40 repeats and have distinct expression patterns (Dow and Humbert, 2007; Tervonen et al., 2011) . Fly and human proteins show the significant global sequence similarity of 62.5% if conservative aminoacid changes are taken into account, and we found conclusive evidence of the functional conservation between the two proteins in the full rescue of the Drosophila lgl mutant by the human Lgl-1 cDNA (Grifoni et al., 2004) . Analogous rescuing ability has been demonstrated for rat Dlg (Thomas et al., 1997) and human Scrib (Dow et al., 2003) .
In Drosophila it has been demonstrated that the three proteins are mutually dependent for correct localisation (Bilder and Perrimon, 2000) , although direct physical interactions have never been proven. Dlg and Scrib localise at the membrane cortex, at Drosophila septate junctions (SJs). Lgl colocalises with Dlg and Scrib at SJs but it is also found in the cytoplasm. In neuronal synapses Scrib has been shown to bind Dlg via a protein named GUK Holder. In mammalian epithelial cells they are also localised at the basolateral domain of the plasma membrane and, similarly to the fly counterparts, the exact nature of their physical interaction has yet to be established; so far direct binding has only be proven for Scrib and Lgl-2 (Kallay et al., 2006) .
The mutually exclusive activity of these three complexes is required for the correct formation and positioning of cell junctions, which in turn provide cells with a correct apical-basal and cytoskeletal structure (Dow and Humbert, 2007) . The mechanism through which the Baz/Par6/aPKC and the Scrib/Dlg/Lgl complexes regulate each other was initially investigated in Drosophila neuroblasts, the larval neuronal progenitors (Betschinger et al., 2003) . These cells do not have cell junctions but require a compartmentalisation of membrane domains in order to perform asymmetric cell division. These membrane complexes are required for proper positioning of cell fate determinants that will differentially segregate into the daughter cells giving origin to a new stem cell (self-renewal) and to a ganglion mother cell (GMC), the neuron/glia precursor. Failure to segregate cell fate determinants due to lgl LOF results in excessive self-renewal and thus abnormal expansion of the neuroblast population (Wodarz, 2005) . It was demonstrated that Lgl localisation at the plasma membrane depends on its phosphorylation in conserved residues by aPKC of the Baz complex (Betschinger et al., 2003) . Phosphorylated Lgl assumes an autoinhibited conformation in which protein interaction domains are masked and is thus excluded from the cortex. Lgl in turn counteracts aPKC activity by sequestering it in an inactive Lgl/aPKC/Par6 complex from which Bazooka is excluded (Betschinger et al., 2005) . Targeting of aPKC to the entire cell cortex reproduces lgl -phenotype: asymmetric cell division is impaired leading to an excess of self-renewal and abnormal increase in neuroblast population (Lee et al., 2006) . Similarly, in epithelial tissues, cortical spreading of aPKC activity causes Lgl inhibition in the baso-lateral domain leading to tumourous growth, similarly to what is observed for lgl -individuals (Grifoni et al., 2007) . Reduced aPKC levels suppress lgl -phenotype in the imaginal discs (Rolls et al., 2003) and a non-phosphorylatable form of Lgl completely fails to rescue the mutant phenotype in embryos lacking both maternal and zygotic lgl function (Hutterer et al., 2004) . The Crb complex is recruited by the Baz complex at the apical domain and seems to further antagonise the activity of the Lgl complex by blocking its spreading along the lateral membrane domain. Crb is phosphorylated by aPKC and this event is required for its correct apical localisation (Dow and Humbert, 2007) . As expected from the high level of functional conservation, mammalian Lgl-1 and Lgl-2 are also excluded from the apical domain due to aPKC phosphorylation and are able to bind Par6 and aPKC preventing their association with Par3 and thus the baso-lateral spreading of apical complexes (Dow and Humbert, 2007) . Moreover, we found that Lgl-1 subcellular localisation seems to play a crucial role in human cancer, as its cytoplasmic enrichment correlates to aPKC lateral spreading and cancer progression in ovarian carcinomas (Grifoni et al., 2007) , mirroring what is observed in Drosophila lgl -epithelial cancers. Another interesting parallel with fly lgl LOF phenotype can be found in a mouse Lgl-1 knock-out (KO) model. Severe brain dysplasia, caused by the abnormal expansion of the progenitor cell population, is observed at birth. These cells are unable to exit cell cycle and differentiate, and form rosette-like structures, similar to the neuroblastic rosettes found in human pediatric tumours (Klezovitch et al., 2004) .
Lgl, cell proliferation and the Hippo pathway
Understanding how disruption of cell polarity and control of cell proliferation are linked would represent a significant advance in the comprehension of the molecular basis of epithelial cancer development. Originally, lgl mutant tissue overgrowth was hypothesised to be a direct consequence of loss of cell polarity caused by delocalisation of signalling molecules and simultaneous deregulation of several different pathways (Lee et al., 2006) . Nevertheless, several lines of evidence have demonstrated a specific signalling function of the Dlg/Lgl/Scrib module in proliferation control. First evidence came from the identification of lgl, scrib and dlg in a screen for dominant suppressors of a hypomorphic mutation of cyclin E, a key regulator of G1-S phase transition (Brumby et al., 2004) , implying a direct role in negative regulation of cell cycle. Indeed lgl -clones in the eye disc (see below) show ectopic Cyclin E expression and thus ectopic S-phases without a complete disruption of apicalbasal polarity (Grzeschik et al., 2010) , demonstrating that growth deregulation is not an immediate consequence of polarity loss.
The link between lgl and cell proliferation control was however finally established with the demonstration that the proliferative defects in the eye disc described above were due to the deregulation of the Hippo (Hpo) pathway (Grzeschik et al., 2007) , a very conserved signalling network that plays a central role in the control of epithelial tissue growth (Huang et al., 2005; Dong et al., 2007; Halder and Johnson, 2011) . The Hpo pathway is composed of two core kinases, Hpo and Warts (Wts), the adaptors Salvador (Sav) and Mob As a Tumour Suppressor (Mats) and the transcriptional co-activator Yorkie (Yki), and it is modulated by numerous upstream factors among which the cytoskeletal proteins Expanded (Ex) and Merlin (Mer) and the atypical cadherins Fat (Ft) and Dachsous (Ds). When the pathway is active, Hpo can phosphorylate and activate Wts which in turn phosphorylates Yki sequestering it in the cytoplasm (Fig. 1A) ; on the other hand, upon its inactivation unphosphorylated Yki can translocate into the nucleus and, binding to different tissue-specific partners, activate the transcription of its target genes involved in cell growth, proliferation and resistance to apoptosis such as cyc E, dIAP1 (Drosophila Inhibitor of APoptosis 1) and the miRNA bantam (Halder and Johnson, 2011) (Fig. 1B) . Yki is thus a growth promoter, whereas the upstream components act as tumour suppressors by antagonising the growth-promoting activity of Yki. Mutations in each of the known genes encoding components of the Hpo pathway are per se incapable to give rise to neoplastic phenotypes; rather they originate cells which proliferate into hyperplastic masses (Hariharan and Bilder, 2006) ; for a malignant growth to occur, a functional cooperation between loss of cell polarity and hyperplasia seems thus to be required.
Lgl was first shown to take part in the control of this pathway in the eye imaginal disc: in lgl mutant cells, an upregulation of Hpo pathway target genes such as cyc E and dIAP1, as well as genes belonging to the negative feedback loops such as ex, was indeed observed; consistently, in lgl -cells Yki was found also in the nucleus and the levels of the phosphorylated form were reduced (Grzeschik et al., 2007) (Fig. 1C) . Removal of one copy of yki partially reduced Hpo target genes upregulation as well as the ectopic S-phases phenotype previously described (Grzeschik et al., 2007) , indicating that Yki activity is required for lgl -proliferative defects. Yki activation in lgl -cells seems to be due to Hpo mislocalisation and to the putative formation of an inactive complex with RASSF (Ras associated factor), another regulator of the pathway, also mislocalised in mutant cells (Grzeschik et al., 2010) (Fig.   1C ). The same effect is observed when an active form of aPKC is expressed; since Lgl and aPKC are mutually exclusive (see "Lgl and cell polarity" paragraph), when aPKC localises at the whole cell cortex, Lgl is completely released from the membrane, thus phenocopying lgl mutation. Crumbs, a protein of the apical polarity complex, has also been placed upstream of the Hippo signalling. Upon its overexpression, the authors observe the delocalisation of Expanded from the apical to the lateral cell domain; since Expanded binds Yorkie and fastens it to the cell cortex (Badouel et al., 2009) , it is plausible that its removal from the apical region is responsible for Yorkie activation (Grzeschik et al., 2010; Ling et al., 2010) . A similar effect has been observed in the wing disc: upon Crumbs overexpression, the protein Expanded resulted either delocalised or reduced in level (Chen et al., 2010; Ling et al., 2010; lgl-dependent regulation of Yki has also been observed in the wing imaginal disc but it was proposed to occur through a different mechanism. lgl depletion-dependent tumours were generated by specifically knocking down lgl transcript in the posterior compartment of the wing disc leading to overgrowth and loss of cell polarity (Sun and Irvine, 2011) . In these posterior cells Ft resulted mislocalised at the entire cell cortex, Yki was mainly found in the nucleus and Hpo pathway reporter genes such as ex were upregulated (Fig. 1D) . Indeed knockdown of Yki or overexpression of Wts in this context blocked the overgrowth and resulted in discs with reduced posterior compartment and high levels of cell death, suggesting that Yki activity is required for growth and survival of lgl-depleted cells. Interestingly Yki activation was found to be due to JNK (c-Jun N-terminal kinase) signalling (Sun and Irvine, 2011) (Fig. 1D) , an evolutionarily conserved stress-induced MAPK cascade that has roles in multiple cellular processes including proliferation, differentiation, morphogenesis, and most of all, apoptosis, and has been implicated in several aspects of tumour development in Drosophila and humans (Ryoo et al., 2004; Igaki et al., 2006; Wagner and Nebreda, 2009; Chen, 2012) .
Two explanations have been proposed to account for the differences in Yki regulation upon lgl depletion in the eye vs wing imaginal discs: first, in the experimental conditions employed in the wing disc cell polarity was lost, whereas this was not the case in the eye disc; second, wing and eye discs seem to have a different sensitivity to JNK signalling since its direct activation is able to regulate Yki in the wing disc only (Sun and Irvine, 2011) . lgl may thus regulate cell proliferation by influencing the Hpo pathway in a tissue-specific manner through JNK-dependent and independent pathways. scrib loss of function however induces JNK-independent impairment of the Hpo pathway in both the eye and wing imaginal discs (Dogget et al., 2011) . It thus seems that the crosstalk between cell polarity proteins, JNK signalling and the Hpo pathway are complex and possibly context-dependent and further work is needed to clarify this. In a recent paper, genetic evidence has been provided suggesting that Scrib acts downstream of Ft and that it is required by this latter for the interaction with Ex and Dachs (D), an unconventional myosin that participates in the regulation of the Hpo pathway downstream of Ft (Verghese et al., 2012) .
Similarly to what has been demonstrated for lgl and scrib LOF phenotypes, deregulation of the Hpo pathway also seems to contribute, at least in part, to the overgrowth that characterises the oncogenic cooperation between activated Ras/Raf and polarity gene loss (Dogget et al., 2011 , Menéndez et al., 2010 , Chen et al., 2011 . In 2003, two pivotal studies were published showing that constitutive activation of Ras signalling rescues scrib, lgl and dlg mutant cells viability and induces in mutant cells massive overgrowth and acquisition of striking invasive capabilities Pagliarini and Xu, 2003) . More recently, Dogget and colleagues found that Yki target genes were upregulated in scrib -; Raf Act (or Ras V12 ) tumours in the eye imaginal disc and inhibition of Yki activity significantly reduced tumour growth. However, despite reduction of the tumourous mass, mutant clones were still able to invade and differentiation remained blocked, indicating that Hpo pathway impairment does not contribute to these phenotypes. Moreover, the fact that the growth of these clones was not totally abrogated by blocking Yki function suggests that other pathways may be involved in driving scrib -; Raf Act cells clonal expansion in this context (Dogget et al., 2011) . In another study, analysis of large overgrown and fast-proliferating lgl -; Ras V12 clones in the wing disc revealed an evident Yki nuclear staining and, accordingly, a strong upregulation of its target genes. The authors did not test whether Yki was required for the overgrowth of lgl -; Ras V12 clones but showed that its expression within lgl -clones is sufficient to promote it (Menéndez et al., 2010) . Similarly, scrib -; Ras V12 clones in the wing disc also showed upregulation of Yki target genes and Yki overexpression was able to promote overgrowth of scrib mutant cells (Chen et al., 2011) .
Regulation of the Hpo pathway by the Scrib/Dlg/Lgl module in vertebrates
Deregulation of several members of the Hpo pathway has been found associated with proliferative disorders in humans (Harvey et al., 2013) , but clear evidence of a functional interaction between the Scrib/Dlg/Lgl module and the Hpo pathway in vertebrates is only beginning to appear in literature, and the majority of studies so far reported focus on scrib because a single orthologue of this gene is present in vertebrate genomes. As an example, Fat-1 and Scrib have been shown to act in a common signalling cascade during zebrafish pronephros development, possibly through a direct interaction, as human Scrib was shown to bind both mouse Fat-1 (via its PDZ-binding site) and Drosophila Fat in immunoprecipitation assays (Skouloudaki et al., 2009) . In a more recent study, Cordenonsi and colleagues showed that the transcriptional coactivator TAZ (a Yki human orthologue) is required for self-renewal and tumour initiation of human breast epithelial cancer cells and that its increased activity is associated with a more malignant phenotype. Interestingly, they found that Scrib forms a complex with TAZ that is required for its inhibitory association with the Hpo core kinases LATS (Wts human orthologue) and MST. As a consequence, Scrib loss/mislocalisation triggers TAZ oncogenic activity (Cordenonsi et al., 2011) .
lgl, cell competition and Myc
In the past decade a key concept has strikingly emerged in the field of cancer biology: cancer can not be considered as a cellautonomous disease; progression towards malignancy is instead unavoidably influenced by the crosstalk between cancer cells and their microenvironment (Pietras and Östman, 2010; McAllister and Weinberg, 2010) . A paradigm of this concept can be found in the analysis of lgl -clonal phenotype: when patches of mutant tissue grow in a wild-type background, they behave remarkably differently compared to the whole mutant animal, where neoplastic growth and loss of cell polarity are invariantly observed. In the eye imaginal disc, lgl -clones show ectopic proliferation but maintain apical-basal cell polarity. Overall clonal size is however not affected since increased cell death is also observed (Grzeschik et al., 2007) . The differences between lgl -clones and whole mutant tissues are even more striking in the imaginal wing disc: mutant cells are rapidly eliminated by apoptotic death and do not contribute to the adult organ almost at all. We demonstrated that lgl -mutant cells elimination in this organ is attributable to the phenomenon of cell competition (Froldi et al., 2010) .
Cell competition is a mechanism of short-range cell-cell interaction firstly described in Drosophila imaginal wing discs about 40 years ago (Morata and Ripoll, 1975) , which consists in the removal during development of viable but slow-dividing, unfit or damaged cells (losers) by the surrounding faster growing populations (winners), ensuring that the adult organ reaches proper size. It occurs in distinct, inter-dependent phases (Lolo et al., 2012) : first, a loser cell is produced by a mutational event that modifies its proliferation or metabolic rate, next the winner cells kill the losers, dying cells are then basally extruded from the epithelium, apoptotic debris is removed by competent cells and winner cells over-proliferate to compensate for cell loss (Fig. 2 A-C) . It was initially proposed that winner cells were also responsible for the engulfment of loser cell residues , but it was recently demonstrated that clearance is rather carried out by recruited hemocytes (Lolo et al., 2012) . Cell competition was initially observed analysing a group of dominant mutations called Minute (M) that concern various ribosomal protein genes. These mutations are recessive lethal and display a dominant growth defect: M +/-cells are viable but have a slow growing rate and consequently M +/-flies are of normal size but their development is delayed with respect to wild-type counterparts. However, if mitotic clones of M +/-cells are generated in a wild-type wing imaginal disc tissue, they are eliminated by apoptosis. Extra proliferation in the wild-type tissue occurs to replace outcompeted cells, the total number of which in the developing tissue remains unchanged and no morphological alterations are observed in the resulting organ (Gallant, 2005) . Interestingly, Tyler and colleagues (Tyler et al., 2007) found that mutations in several genes belonging to the Hpo pathway were able to protect M +/-cells from being outcompeted in a wild-type background and even to provide them with competitive capabilities, as indicated by active Caspase 3 staining visible outside the mutant clones (Tyler et al., 2007) , demonstrating the involvement of this pathway in the phenomenon of cell competition.
lgl -mutant cells, despite being unable to exit cell cycle, proliferate at a slower rate compared to the wild-type counterparts (Bilder, 2004; Froldi et al., 2010) and, when surrounded by wild-type tissue, are found to undergo apoptotic cell death mediated by the activation of JNK signalling (Froldi et al., 2010; Tamori et al., 2010) . lgl mutant cell elimination was found to be more efficient in the distal region of the wing disc, known as wing pouch, where cell competition is known to be the strongest. Moreover, as expected when competitive interactions take place, wild-type twins of lgl -clones were found to overgrow to compensate for mutant cell loss (Froldi et al., 2010) . When generated in a non-competitive Minute background (see above), lgl -cells were able to overgrow and form tumourous masses characterised by invasive behaviour and cell polarity loss, like the whole mutant tissue, further demonstrating the involvement of cell competition in lgl mutant cell clonal behaviour (Froldi et al., 2010) .
Fig. 2. Cell competition and lgl mutant cell phenotypes. (A-C). The main phases of cell competition. An imaginal epithelium is represented, with the ventral (V) surface up and the dorsal (D) down. PM: peripodial membrane, a squamous epithelium that coats the ventral surface of all imaginal discs; DP: disc proper, formed by the columnar epithelium; BM: basement membrane; A: apical side of the DP; B: basal side of the DP. (A) A cell with a mutation in genes involved in cell proliferation, cell growth or cell metabolism appears in the epithelium (loser, green). (B) The loser cell is killed by the adjacent wild-type cells (brown) and basally extruded from the epithelium in the form of apoptotic bodies. (C) Cellular debris is removed and extra-proliferation occurs in the winner cells which replace the loser. (D,E)
In addition to ribosome impairment, mutations in genes responsible for cell growth have also been found associated with cell competition, such as the Decapentaplegic (Dpp)/Transforming Growth Factor b (TGFb) pathway, for which cells compete to escape apoptotic death (Moreno et al., 2002) . In recent years, the protooncogene myc has been strongly implicated in this phenomenon in Drosophila (de la Cova et al., 2004; Moreno and Basler, 2004) . Clones bearing hypomorphic myc mutations, viable in a homotypic environment, were found to be eliminated by non-autonomous cell death when generated in a wild-type imaginal disc (Johnston et al., 1999) . In 2004 two papers were published in which it was clearly demonstrated that cell competition is not simply caused by cellular defects associated with myc loss because, as it was shown, also wild-type cells are out-competed if surrounded by Myc-overexpressing cells, and that it is instead triggered by a sharp difference in Myc protein levels between adjacent populations (de la Cova et al., 2004; Moreno and Basler, 2004) . de la Cova and colleagues showed that clones overexpressing Myc were significantly larger than control clones, due to promotion of cellular growth; however, sibling clones generated in recombination events were smaller than control siblings. They also showed that wild-type cells appeared to be subject to competition only if they lied within about eight cell diameters away from Myc-expressing cells and in the same developmental compartment (de la Cova et al., 2004) ; it was indeed later suggested that cell competition is mediated by soluble factors (Senoo-Matsuda and Johnston, 2007) . Using a myc tandem duplication, similar results were obtained by Moreno and Basler (Moreno and Basler, 2004) . Sibling clones were generated that were composed of cells with four (4xmyc) or two copies (2xmyc) of the endogenous myc gene. Interestingly, not only 4xmyc clones were significantly larger than their 2xmyc wild-type siblings, but they were also larger than control clones that were induced simultaneously in different individuals in which all cells carried four copies of myc. Likewise, clones carrying two copies of myc were not only smaller than their 4xmyc siblings, but also smaller than control clones growing in a background where all cells had two copies of myc, demonstrating that clonal growth strongly depends on cellular environment.
We found that lgl -clones express much lower levels of Myc compared to the background, and this difference in Myc expression triggers lgl mutant cell elimination. Myc down-regulation in lgl -clones occurs at the post-transcriptional level, as a myc promoter reporter results active in mutant cells (Froldi et al., 2010) (Fig. 2D ). The differences in lgl -cell removal efficiency in the distal vs proximal regions of the wing disc correlate with Myc pattern: the protein is highly expressed in the wing pouch (distal) and very low in the hinge/ pleura (proximal) (Fig. 2F) where, as a consequence, Myc gradient between mutant and wild-type cells is reduced and cell competition is less fierce. Experimental overexpression of Myc in lgl mutant clones not only rescued their viability but promoted their malignant growth (loss of cell polarity and invasiveness) in proximal regions (Fig. 2 E,G) , whereas in the wing pouch Myc protein accumulation was found to be prevented by a still-uncharacterised mechanism and lgl -; Myc clones were thus eliminated anyway (Froldi et al., 2010) (Fig. 2H) . Of note, isolated lgl -; Ras V12 clones were also found to undergo cell death in the wing pouch region (Menéndez et al., 2010) despite their well-known proliferative advantage. We suggest, based on our unpublished data, that the lgl-dependent Myc degradation we observed in the most central region of the wing pouch can counteract its accumulation induced by Ras activation (Prober and Edgar, 2002) , impinging on the intrinsic transforming abilities of lgl -; Ras V12 cells. Further evidence of Myc involvement in lgl -cells clonal behaviour came from the observation that overgrown and invasive lgl -clones generated in a Minute background invariantly showed Myc upregulation and myc knock-down in these cells completely suppressed the tumourous phenotype (Froldi et al., 2010) . Notably, Myc effect on lgl clonal behaviour seems very specific, as activation of a growth-promoting pathway that however failed to increase Myc levels within mutant cells, such as PI3K, was unable to promote their neoplastic growth (Froldi et al., 2010) .
A different clonal behaviour with respect to the whole mutant phenotype is also a well-known feature of scrib LOF: in the eye disc, clones lose polarity and overproliferate but very little mutant tissue is recovered in the adult eye as it is removed during development by JNK-mediated apoptosis. Interestingly, also in this case, cell death is induced in a non-autonomous manner by the surrounding wild-type tissue since upon its removal scrib -clones viability is rescued (Brumby and Richardson, 2003). The mechanism described by Igaki and colleagues for JNK non-autonomous activation in scrib or dlg mutant clones was named Intrinsic Tumour Suppression (ITS), which consists in the endocytic activation of Eiger (Egr), the Drosophila TNF (Tumour Necrosis Factor), a known activator of the JNK pathway (Igaki et al., 2009) . scrib -or dlg -clones generated in an egr null background no longer die but overgrow and develop into tumours; the same effect was observed in the wing imaginal disc. Mutant cells were found to have increased endocytic activity and Egr was mislocalised and enriched at the endocytic vesicles. Egr localisation correlated with intense phosphorylated -and thus activated -JNK staining. Indeed inhibition of endocytosis by means of a dominant negative form of Rab5 (an early endosomal marker) abolished JNK activation and mutant clones elimination, allowing tumourous growth. Ablation of surrounding wild-type tissue prevented endocytosis upregulation and Egr/JNK-dependent death of scrib -cells (Igaki et al., 2009) . Nevertheless, an involvement of cell competition in the elimination of scrib mutant cells has also been suggested based on the observation that a reduction of fitness in the surrounding wild-type cells (that is to say a Minute background) prevented scrib -cells elimination and promoted the formation of large proliferating clones (Chen et al., 2011) .
Cell competition and ITS seem thus to be functionally related mechanisms triggered in opposing cells by different molecules but operating through the common JNK pathway (Vidal, 2010) . Regarding lgl -cells elimination, ITS seems not to be involved in the wing pouch region, where inhibition of endocytosis neither prevented mutant cells elimination nor JNK activation. Similarly, knock-down of egr had no effect on lgl mutant clone growth and did not prevent JNK signaling activation, suggesting that this latter functions independently of egr in this context (Froldi et al., 2010) .
On the other hand, inhibition of ITS in the proximal regions resulted in moderate overgrowth indicating that ITS and cell competition are likely to be involved in the elimination of lgl mutant cells in complementary regions. Of note, also upon ITS inhibition, lgl -proliferation is accompanied by an increase in Myc protein levels (Froldi et al., 2010) .
The competitive traits shown by the Hpo pathway mutant cells (see above) have also been recently explained by the identification of myc as a target of this pathway (Ziosi et al., 2010 , Neto-Silva et al., 2010 . Indeed we were able to demonstrate that Myc upregulation is responsible for Hpo mutant or Yki-overexpressing clones competitive behaviour, as their overgrowth was drastically reduced if they were generated in a Myc-overexpressing background (Ziosi et al., 2010) .
Cell competition in mammals
Myc expression is deregulated in a wide range of human cancers and is often associated with aggressive, poorly differentiated tumours (Albihn et al., 2010) . It is thus becoming increasingly evident that Myc-induced cell competition could play a role in cancer development (Moreno, 2008; Baker and Li, 2008; Levayer and Moreno, 2013) . Clones of cells expressing high Myc levels could expand at the expenses of the surrounding normal cells, without generating morphological changes. Further, expansion may increase the probability of accumulation of other mutations in subsets of cells that would confer new oncogenic properties to their descendants, as predicted by the field cancerisation theory (Rhiner and Moreno, 2009 ). On the other hand, cell competition may represent a mechanism of defence that tumour cells need to overcome in the very early steps of cancer onset in order to survive within the tissue (Moreno, 2008) . Evidence exists that a phenomenon akin to cell competition is conserved also in mammals. It has been shown in mice that a deletion within the Rpl24 riboprotein gene significantly impairs ribosome biogenesis and results in decreased rates of protein synthesis and proliferation, clearly mirroring Drosophila Minute phenotype. Heterozygous mutant cells, while viable in a homotypic environment, giving rise to almost normal mice, are indeed out-competed by wild-type cells in chimeric blastocysts (Oliver et al., 2005) . Another example is given by rat liver progenitors transplants: under certain conditions transplanted cells can overproliferate and induce cell death of the host cells to an extent that the entire liver is repopulated by donor-derived cells (Oertel et al., 2006) . Compelling evidence of cell competition occurring in mammalian cell cultures has been produced in two recent papers (Tamori et al., 2010; Norman et al., 2012) : inducible cell culture systems have been employed to demonstrate that such non-cell autonomous phenomenon is conserved. Tamori and colleagues knocked down the Lgl interactor Mahjong (that they proved to be involved in lgl-mediated cell competition in Drosophila) in Madin-Darby canine kidney epithelial cells and showed that Mahjong-deficient cells undergo apoptotic cell death only when surrounded by wild-type cells (Tamori et al., 2010) . Similar results were obtained by Norman and colleagues upon Scrib knockdown in the same cell line: the authors demonstrated that while Scrib knockdown cells were viable when surrounded by cells of the same kind, they died and were apically extruded in the presence of wild-type cells (Norman et al., 2012) . Clear evidence of Myc-induced cell competition in mammals akin to that described in Drosophila epithelia has been finally obtained in the mouse embryo. Inducing functional genetic mosaics in the mouse, Clavería and colleagues were indeed able to demonstrate that an imbalance in Myc levels in the epiblast triggers the expansion of Myc overexpressing cells at the expenses of the cells with lower Myc levels, which are eliminated by apoptosis without impairing morphogenesis (Clavería et al., 2013) . In addition, the authors found that wild-type cells forming the early embryo are heterogeneous in Myc content during normal development and endogenous cell competition refines the final epiblast selecting cells with higher Myc levels (Clavería et al., 2013) . In a parallel study, Sancho and colleagues showed that defective embryonic stem cells undergo apoptosis during embryo development and that this mechanism depends on the establishment of differential c-Myc levels throughout the embryo (Sancho et al., 2013) . Cell competition thus appears to be a conserved biological phenomenon through which developing tissues shape their final pool of cells. Strict evidence is however still missing about a role for Myc-induced cell competition in mammalian cancer. In mice intestinal crypts, loss of APC (Adenomatous Polyposis Coli) leads to unrestricted proliferation and even when only 10% of crypts are APC-deficient, several lesions and adenomas are recovered in the intestine. However, if these crypts are simultaneously mutant for APC and c-Myc, they are rapidly replaced by surrounding wild-type stem cells that repopulate the crypts, leading to complete rescue of pathological changes (Sansom et al., 2007) . This, far from being a strict demonstration of Myc-mediated cell competition in mammalian tumourigenesis, represents a hint of the existence of mechanisms, dependent on the coexistence of cell populations with different Myc levels, able to restrain growth of cancerous cells.
Conclusions
It is quite clear that cancer cells are socially inadequate, because they subvert tissue and organ dynamics, like troubled teenagers in a respectable family. Primitive behaviours characterise their growth, such as an anxious search for food and an essential ability to break any barrier and, just as it happens in a respectable family, relatives are in most cases tolerant and, as a consequence, they are unavoidably overcome. In the most common oncogenic view of Myc-induced cell competition, cancer cells are able to grow at the expenses of their neighbours (Froldi et al., 2010; Menéndez et al., 2010; Neto-Silva et al., 2010; Ziosi et al., 2010) . On the other hand, potentially harmful cells deficient in polarity genes can be eliminated early in development by the adjacent populations through apoptotic death induced by cell competition (Froldi et al., 2010) or intrinsic tumour suppression (Igaki et al., 2009 ) and do not participate in the formation of the final organ almost at all.
In regard to lgl mutant cells, Myc is the on-off switch that determines if they should live or die: grossly, lgl -cells expressing high levels of Myc live long and prosper and form tumours; lgl -cells expressing low levels of Myc die (Froldi et al., 2010) . However, absolute Myc levels are not actually informative; unless these latter are compared with those of the nearby cells, the fate of lgl -cells cannot be easily foreseen. So, the ancient sermon: No man is an island, mentioned in many well-known writings and movies, can be reworded to: No cell is an island. This is an acknowledged concept in tissue development and organ morphogenesis, but cancer has been instead long considered and cured as an autonomous disease, irrespective of the tissue it grew within. In the last decade, not only the microenvironment has begun to be taken into account in cancer biology, but also systemic responses have proved to participate in cancer growth and outcome. In Drosophila, many studies have investigated these aspects of tumourigenesis in different organs and contexts, which have been conveniently recapitulated in a recent review by Tipping and Perrimon (Tipping and Perrimon, 2013) .
It has been recently shown that lgl -cells forming tumours in the wing and in the eye imaginal discs cease to express the typical determinants of those tissues and switch to a primitive state; the experimental expression of these determinants is indeed capable of suppressing the tumourous phenotype and induce cell death (Khan et al., 2013) , confirming that cancer cells need to subvert the genetic constraints of the tissue in order to break the morphological barriers imposed by the organ. This is quite interesting because, as mentioned above, lgl -cells express very high levels of Myc in any context they succeed to form tumours, and Myc is one of the four genes that were found necessary for a human somatic cell to be reprogrammed into a pluripotent progenitor (Takahashi et al., 2007) . Further studies in Drosophila could help elucidate the role of Myc in this important phenomenon.
Given the inactivation of the Hippo pathway observed in lgl -clones, with the resulting nuclear translocation of the downstream effector Yorkie (Ménendez et al., 2010; Sun and Irvine, 2011; Khan et al., 2013) , the high levels of Myc in the tumourous lgl -clones are obviously due, at least in part, to its transcriptional activation; two studies indeed confirmed that Myc is a direct transcriptional target of Yorkie (Neto-Silva et al., 2010; Ziosi et al., 2010) . Other pathways are possiby involved in increasing myc transcription and Myc protein accumulation in lgl mutant cells; as an example, in a recent paper the group of Kenneth Irvine identified the Ajuba (Jub) protein kinase, which is activated by the terminal MAPK downstream of the EGFR pathway, as an activator of Yorkie through its inhibitory binding to Warts and Salvador (Reddy and Irvine, 2013) . Furthermore, it is well known that Myc protein stability is increased upon activation of the EGFR pathway (Prober and Edgar, 2002) . Whether similar mechanisms are at work in lgl -cells is currently under investigation in our lab.
The biochemical mechanisms for Yorkie activation in lgl-depleted cells has not been provided yet; genetic evidence however exists that in lgl -cells originated in the eye and wing discs, several upstream components of the Hippo pathway and proteins owing to different polarity complexes are mislocalised (Chen et al., 2010; Grzeschik et al., 2010; Ling et al., 2010; Robinson et al., 2010) . But what is the temporal relationship between loss of cell polarity and hyperproliferation? Which one triggers the other? Or is it a chess game instead? It is thinkable that a tumour must reach a certain dimension in cell number before beginning to dictate new rules within the tissue; hyperproliferation is thus supposed to be the best opening move. Two studies performed in Drosophila have demonstrated that, during tumour progression, deregulation of the Hippo pathway signals back to the apical cortex inducing an increase in Crumbs and aPKC levels, thus promoting apical hypertrophy (Genevet et al., 2009; Hamaratoglu et al., 2009) . A mild disruption of apical-basal cell polarity could thus trigger a partial deregulation of the Hippo pathway which, in turn, would increase the abundance of apical determinants so provoking an imbalance between apical and basal complexes that could translate into a structural collapse of the cell apical-basal axis. At this stage, Hippo pathway deregulation would become stronger and, in certain contexts, it could induce further tumourous phenotypes such as invasion and growth at secondary sites. Several studies in flies and mammals have indeed shown that the Hippo pathway is regulated by mechanical signals coming from cell membrane, cell junctions and cytoskeleton, conveyed to provide cells with positional information and spatial/social cues (reviewed by Schroeder and Halder, 2012) . Moreover, since aPKC and Crumbs anisotropy has been involved in the formation of cellular and supracellular actomyosin cables (Röper, 2012) which function is, among others, to structure and maintain epithelial functional clusters and compartment boundaries during development, it is also possible that changes in abundance and localisation of these apical determinants during tumour growth disrupt actomyosin cables arrangement thus helping disorganise tissue architecture.
The function of Myc in all these processes remains largely unexplored. It is a matter of fact that Myc protein accumulation characterises the vast majority of Drosophila and human cancers, and that in experimental systems it is found responsible for the most part of the phenotypes induced by deregulation of the Hippo pathway in different organs and cell types (Ziosi et al., 2010; Reddy and Irvine, 2011; Ren et al., 2013) ; nevertheless, myc overexpression, also in combination with dIAP1, is not able to rescue viability of yki mutant cells (Ziosi et al., 2010) , suggesting that multiple levels of complexity must be taken into account when one is trying to dissect gene function in a cancer context. For this reason, the use of animal models in which several techniques combining cellular and developmental genetics are available can have a deep impact on cancer research.
